Floating offshore wind energy poses challenges on the turbine design. A possible solution is vertical axis wind turbines, which are possibly easier to scale-up and require less components (lower maintenance) and a smaller floating structure than horizontal axis wind turbines. This paper presents a structural optimization and aeroelastic analysis of an optimized Troposkein vertical axis wind turbine to minimize the relation between the rotor mass and the swept area. The aeroelastic behavior of the different designs has been analyzed using a modified version of the HAWC2 code with the Actuator Cylinder model to compute the aerodynamics of the vertical axis wind turbine. The combined shape and topology optimization of a vertical axis wind turbine show a minimum mass to area ratio of 1.82 kg/m 2 for blades with varying blade sections from a NACA 0040 at the attachment points to a NACA 0015 in the equatorial region. During an aeroelastic analysis of the wind turbine a maximum flapwise deflection of 0.45 m and a maximum edgewise deflection of 0.47 m were found. While the turbine is aeroelastically stable, an oscillation as a result of resonance reduces the fatigue life. 
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Nomenclature

I. Introduction
The trend within the offshore wind energy sector to harvest energy at higher ocean depths reveals new challenges such as a need for support platforms and the uncertainties introduced by the environment. A possible approach are floating vertical axis wind turbines (VAWTs). These turbines are independent of the inflow direction, which makes yaw mechanisms redundant, meaning that less system components need to be maintained. The rotational axis of the rotor blades coincides with the tower and the generator is located at the buttom of the turbine, leading to a low center of gravity and thereby to a smaller floater. Another benefit of the generator location is its accessibility, resulting in a reduction of the operation and maintenance cost. VAWTs also have disadvantages. These turbines require a large blade mass with respect to its swept area, causing a high investment cost. Also, the blades do not have any active control mechanism to reduce operational loads, leaving only the generator as a controlling device. Schelbergen et al. 1 developed a structural optimizer for the conceptual design stage that determines the rotor mass over swept area relation by using several steady load cases for differnt azimuthal orientation (e.g. the maximum aerodynamic forces) along the entire blade with a single airfoil configuration. In the work of Schelbergen et al.
1 the optimal tower height and the optimal aspect ratio is determined, through a conjugate gradient method. In this work optimizer has been improved by incorporating variable blade section along the blade span.
There are a variety of blade layouts for Lift-driven VAWT as shown in Figure 1 . Figure 1a displays the V-configuration, Figure 1b the H-configuration and Figure 1c the Φ-configuration. The last configuration is also known as Troposkein shaped turbine or Darrieus rotor. This paper aims to find an ideal blade shape and structural design of a Darrieus rotor that has a low mass to rotor area ratio. This is achieved through a modification of the original optimizer of Schelbergen et al.
1 allowing a variation of the blade section height. Subsequently, the optimized design will be evaluated using an aeroelastic model, HAWC2 (Horizontal Axis Wind turbine simulation Code 2nd generation), with the actuator cylinder model for computing the induced velocities 2 and a multibody model as a structural solver. 
II. Structural Optimization Methodology
An optimization framework for vertical axis wind turbines has been developed. This framework aims at reducing structural mass while maintaining aerodynamic properties. The design objective is to minimize the mass over area ratio of a Darrieus rotor. A design variable in this optimization is the spanwise distribution of airfoil thickness.
A. Definition Of Blade Cross-Section
It is assumed that the cross-section of the blade consists of three different substructures: the skin, the girders and the shear web (shown in Figure 2 ). The thickness of these sections is varied along the span of the blade. The span thickness variation is modelled by a cubic spline to ensure a continuous, smooth thickness distribution along the blade. The spline is defined by 5 control points, such that the total number of topology design variables equals 15. The sampling points of the applied spline are the two endpoints of the blade and the midpoints of each enclosed control section. These control sections are equally distributed along the span. Throughout the optimization two materials are considered: Carbon Fiber Reinforced Polymer (CFRP) and Glass Fiber Reinforced Polymer (GFRP). The layup of these materials varies depending on the structural component. An overview of the material properties is given in Table 1 . The ABD-matrix of these laminates is determined with Classical Laminate Theory. The allowable load is calculated with the first-ply-failure (Tsai-Hill) criterion, 5 where the load is applied in a single in-plane normal or shear direction. The applied strains are averaged along the laminate. The allowable stresses are given in Table 2 . The thickness of the single elements will be varied relatively to the initial guess. Afterwards in a postprocessing phase the layups have to be inspected for their feasibility. The original optimization code 1 was limited to a single airfoil along the entire blade. The optimizer was made more flexible by using a simple airfoil thickness scaling factor (Z) as given in Eq. (1) and shown in Figure 3 . The maximum scaling factor (Z max ) is a constant that describes the desired relative thickness at the root sections. The location angle (β) is depending on the angle between the tower axis and the normal vector of the cross-section. This relation allows an increasing airfoil thickness towards the root sections of the Darrieus. A thicker root section has the benefit of a higher bending stiffness compared to a thin profile, which results in a lower wall thickness and therefore less mass. In this paper three variations of the blade section height distribution are evaluate, to inspect the resulting mass reduction. This could be used to predict the optimal height distribution of the blade. Additionally, the optimizer includes a shape optimization such that the blade layout can be modified thereby varying the swept rotor area. Seven control points have been used to define the shape of the blade geometry, which increases the amount of design variables to a total of 22.
B. Load Cases And Failure Criteria
The structural optimization is performed with externally applied loads based on the turbine shape. These loads include both minimum and maximum aerodynamic loads, centrifugal loads and gravitational loads. The aerodynamic forces are calculated using the actuator cylinder model as described by Ferreira et al.
2, 4
The aerodynamic coefficients given in Table 3 represent a two-bladed VAWT with a NACA 0015 and are divided by the product of the TSR and the undisturbed wind speed. Depending on the design conditions the aerodynamic loads will be scaled and equally spread along the blade span. This approach however neglects the 3D effects and the variations through different airfoil configurations but reduces the computational cost as the loads are determined in a preprocesing phase. Each iteration of the optimization consists of three load cases: operational loads at up-and downwind position and pure gravitational loads (parked turbine). A safety factor of 1.5 was applied to the loads. An ultimate load analysis and a fatigue analysis has been included in the optimization with the failure of the structure as a constraint of the design space. The amplitude of the fatigue cycle is based on the loads at upwind and downind position. In a second step a buckling analysis has been performed. However, this was not an active optimization constrain, because most of the GFRP design did not converge towards a solution without an issue of buckling. The A and D matrix have been updated as a function of the local thickness according to the procedure presented by Schelbergen et al. 1 The subscript zero in Eq. (2) refers the initially determined stiffness matrices, which are normalized by the design thickness t.
The design life time of the blade is 20 years. The turbine is considered to be operating 35% of the time at the rated rotational speed with a TSR of 4.5, resulting in approximately 3·10 7 rotations in a life time. The fatigue life is evaluated with the help of rain flow counting, the Miner's rule and by incorporation of a safety factor of 1.25. The allowable number of cycles (N ) is determined by Eq. 3, where σ ult is the ultimate stress and the stress ratio (R σ ) is the fraction of the minimum and maximum stress (σ min and σ max respectively). 
Next to the loads on the blade, it is necessary to define the environmental conditions, which will be used during the optimization and the aeroelastic analysis. Table 4 contains relevant parameters needed for both the optimization and aeroelastic analysis. The support structure, such as the base and tower have been modeled as stiff elements to eliminate their effect on the analysis of the blade motion. 
III. Optimization Results
Several turbine configurations with varying airfoil distributions have been optimized, starting with constant single profiles varying from NACA 0015 to NACA 0035. Additionally, spanwise variations have been included using the thickness scaling factor, presented in Eq. (1), which allows to differ the airfoil distribution from NACA 0035 at the blade-tower connection to NACA 0015 at the equator. This airfoil distribution is labeled NACA 0015-35. NACA 0018-35 equals a variation from a NACA 0035 to a NACA 0018 profile and NACA 0015-40 is based on NACA 0040 and NACA 0015 airfoils. The determined value of the objective function of the combined topology and shape optimization can be found in Figure 4 . All optimized turbines that comply to the given constrains have been marked with a plus sign. Figure 4a shows the results of the objective function without any buckling analysis, leaving only fatigue and maximum allowable stress with a safety factor of 1.5 as constrains. The results in Figure 4b are determined with the same constrains and includes the buckling analysis. In the graphs it can be noted that there is a local minimum for the constant airfoil distributions, as thicker airfoils are not beneficial at the equatorial region, but close to the blade-tower connection. This is caused by the high inertia and bending stiffness of thicker profiles. During the optimization it was assumed that the structure can carry itself and therefore does not require any additional support. It can be seen that the blade designs with a slender profile have a greater blade mass to area ratio, as the skin and girder are required to sustain the applied loads. It can be recognized that in absence of a buckling analysis, all results converge without a violation of the design constrains. Figure 4a indicates that there is no signifcant difference between the use of CFRP and GRFP. Figure 4b points out an advantage, all GFRP designs have a greater mass over area ratio than the ones made with CFRP. This is because the buckling anaylysis results into local reinforcements, leading to an increase of the gravitational loads and which makes them the driving design factors. In the case of an optimization without a buckling analysis, the aerodynamic loads contribute more to the structrual stiffness and the design results. Also Figure 4b shows that the majority of these GFRP designs violate the design constrains. These violation are caused by the use of the shell model in NASTRAN. However, these buckling failures are local blade buckling that can be resolved with local reinforcement. Therefore the blade buckling is not critical in the current blade design. It can be noticed in Figure 4a and 4b three CFRP designs have a mass to area ratio that is constant with and without the buckling constrain. These designs are: the constant blade design NACA 0030, the varying blade distribution NACA 0015-35 and NACA 0015-40. This is because the designs are driven by the operational loads and that the blade section profile at the attachment points has a great intial bending stiffness.
The lowest value of the objective function occurs for spanwise varying profiles, especially those which are very thin around the equatorial region. Therefore, it can be concluded that the best overall design has a varying blade section distribution with a NACA 0040 at the root and a NACA 0015 along the equatorial region; for this design the blade thickness distribution and blade layout are shown in Figure 5 . It can be seen that most of the material is placed at the lower root of the turbine blade. But also towards the upper root, skin and shear web thickness increase. This is due to the high bending moment at that region. At the equatorial region it can be noticed that the shear web has a high thickness, meaning that the web is loaded highly. This is the result of the maximum centrifugal loads. The shape optimization results in an asymmetric blade geometry. In Figure 5b the blade shape is displayed with the equatorial region is at the origin. It can be seen that most of the blade length is located below the equatorial region. This is caused by the fact that the optimizer wants to counteract the gravitational load by increasing the slope close to the root. It can therefore be said that the parked loading condition is driving the design shape. 
IV. Aeroelastic Analysis
The airfoil configuration and internal design can be used to determine the overall power output and the aeroelastic behaviour of the turbine in HAWC2. The HAWC2 simulations have been conducted with the output of the optimized NACA 0015-40 blade, to inspect the motion pattern at three TSRs (3, 4.5 and 6) and while being parked at various azimuthal angles. This has been done to inspect wether the turbine will sustain in operation and while being parked. In these simulations turbulence was not considered, but the wind shear was included by a power law with a coefficient of 0.2. The displacements are extracted from the blade location versus time. Additionally, the same simulations are executed with a rigid version of the designed blade. The difference between both simulation is used as displacement. Figure 6 shows the computed power coefficient (C P ) as a function of TSR. A second curve shows the power curve of the same optimized turbine but with a rigid structure. The results show that the rotor still achieves a maximum C P of 0.45 at a TSR of 4.5. Two regions along the C P curve raise awareness. The first one is between a TSR of 2.2 and 3.0 the C P drops below the theoretical results. Along this region blade starts bending outwards, due to the centrifugal stiffness. The second region can be seen at a TSR of 6, there the C P curve has a dent, which is caused by resonance of the turbine. Figure 7 shows the flap-and edgewise displacements as a function of time for various TSRs. At the TSR of interest (Figure 7d ) the oscillations have a maximum amplitude of 0.75 m. This oscilation will lead to a variation of the tangential force and the resulting torque. This alternation leads to a decrease in power output. Figure 7a displays the relative blade position while the turbine is parked while both blades are perpendicular to the flow direction. The blades remain in their position while they experience a free stream velocity. It only experiences a displacements of 0.2 m due to drag resulting from the undisturbed wind speed. A similar behaviour was inspected at other parked positions. The displacements at the various TSR indicate vibrations of the blade, which do not increase in amplitude. The frequencies of the displacements can be found in Table 5 . These frequencies are determined by a Fourier analysis where the displacements are used as an input signal. The first frequency has the highest amplitude in this Fourier spectrum, meaning the highest appearance. Due to this numerical analysis it is possible that the second frequency is greater than the first one. It can be noticed that the first frequency at TSR of 4 in flapwise direction drops from 0.187 to 0.133 and increases to 0.373 Hz. This could occur if the vibrations change between different blade modes. Such vibrations should not be close to the eigenfrequency, otherwise the resonance could lead to a fatal failure. The flapwise excitation frequency occur at 0.373 Hz at a TSR of 6. The eigenfrequencies are displayed in Figure 8 and Table 5 , which are obtained through NASTRAN. It can be found that the first blade mode (BM) occurs at 0.675 Hz in the flapwise direction. The second blade mode (BM) appears at a frequency of 0.753 Hz (Figure 8 ) in edgewise direction. The excitation and eigenfrequency have a great difference. Therefore the design can be seen as a safe during operation. Additionally, it can be observed that none of the eigenfreqencies is close to the operational speed of 2P , making a two bladed machine favorable. Nonetheless, it should be consider that such high vibrations close to a multiple of the eigenfreqency will reduce the fatigue life. 
V. Conclusion
A VAWT design was achieved with a thick root section (NACA 0040), a slender equatorial region (NACA 0015) and a mass to area ratio of 1.82. This is a reduction of 42% than obtained by Schelbergen et al. 1 The improvement was achieved through smooth transition of the cross-section substructures, a variable blade section height and a relaxation of local buckling constraints. The optimized blade has an eigenfrequency of 0.675 Hz in flapwise and 0.753 Hz in edgewise direction. The oscillation frequency are at 0.373 Hz at TSR of 6. Nonetheless, the displacements indicated a periodical behavior close to resonance, where the amplitudes did not increase in time. These vibrations reduce the predicted life time and the efficiency. However, it is possible to design a blade with a low mass to area ratio, which is safe in operations and which does not fail during operations at high TSRs.
